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PROBLEM STATEMENT

Source depth is one aspect of the more general problem

of characterizing a seismic source. The ability to determine

the depth of a seismic event is of particular concern to the

task of distinguishing explosions from earthquakes, and to

the task of more strictly characterizing a seismic event.

An attempt to determine source depth must necessarily

deal with the complications that arise with the existence of

a free surface. Errors in estimation of such source paramet-

ers as depth stem from an incomplete understanding of the

variou- comTlications the free surface imparts to thc seismic

source. The free surface is also responsible for a variety

of effects on wave propagation, the object of recognizing

and defining these effects being their distinction from

source effects and, conseauently, a more precise ucefinit5on

of the source itself.

The object of this project is a quantitative and theor-

etical investigation of the physical processes which act as

a function of depth in producing nearfield waveforms. Data

available for this work consists of paper and digital accel-

erometer records from 115 kg explosions ranging in burial

depth from 0 to 11.5 meters. For each event data was recover-

,,,; in the range of 6.7 to 228.6 meters (Figur. 1). Pir'Iimi-

niry analys7is- of the observational data gav' an in i.,

A *;nt .hr, dominant featuros of thr wnvforms, the, P nn(i Py-

ii e,<h a rriv: , varied a- -i fuinction ofI o' ,, ,i,, : .

th ir i ni cn ion it is oxp-otei tha ia :,tIii y of' th' r' :1 1tiv,
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P and Rayleign wavt ;pj Aitudes in a forward modelling pro-

cedure will Yield a .i.irntitative relationship between amp-

litudes ana source bui.al depth.

By extending the results of such a study to greater

depths, magnitudes, aria ranges they may have implications

for studies involving large explosions or earthquakes, and

teleseismic recordings. The results of this study may also

provide the ground work and constraints to support an

inversion of the nearfield data for a characterization of

the source, specifically its depth.

• A.
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PREVIOUS WORK

Free Surfnce Eff!ects and Source Characterization

Contributions of the free surface to problems in

source characterizaiion are recognized in a variety of

forms. Scattering mechanisms, interference phenomena, and

source depth effects are detectable in both body and surface

waves. Though such free surface effects are known to occur

and may often be recognized, for the most part they have yet

0 to be quantified, and so can not be precisely accounted for

in the estimation o various source parameters.

The presence of a free surface significantly alters the

symmetry of the whole space wave propagation problem. As

the cylindrical problem for a source at the free surface

gives way to the spherical problem for a source at depth, a

change in the relative coupling of P and Rayleigh waves is

effected. The cylindrical source produces a nearfield wave-

form rich in SV and Rayleigh energy. A direct product of the

free surface, the Rayleigh wave decays, as expected, with

source depth. On the other hand, the P wave gains signifi-

cance with the increased effectiveness of vertical coupling

afforded by a larger overburden. At a sufficient depth the

source iv- fully conain(,d and the problem is essentially a

P. w ,.'tral analysis the problem of source charaeter., -n-

rf , t i rr iv:1.: wr.,,i,,h ci''a t~,~' r i nix n -n i m Iit :nn iii tho

,,



amplitude spectra. -imilarly, multiple sources can yiela

peaked amplitude 3pek ra (Pilant and Knopoff, 1964) se for

the purpose of separ- ing the effects of source and prop,-ga-

tion path, free surface reflections must be taken into account.

Langston (1978) pointed out that a failure to account for the

free surface leads to errors in the estimation of moment and

corner frequency.

Aside from the commonly recognized pP and sP reflections,

the free surface is responsible for a multitude of large

amplitude arrivals which, combined with other multipathed

arrivals, comprise thi P coda and contribute to signal com-

plexity (Douglas, Marshall, Gibbs, Young, and Blamey, 1973).

Signal generated noiseP, the result of direct P waves scatteoin<

on free surface or crustal irregularities near the receiver,

was detected by Mack (1969). Greenfield (1971) observed

hih-level codas with characteristics lu wstive of the noar-

source scattering of source-generited Rayleigh wave. From

Greenfield's half space scattering mode] the codi is seen to

carry information about the near-source propagation path.

Source characteristics such as rise time, source dimen-

sion, and displacement function have manifestations in the

amplitude spectra whpre they mnay he imn:lked by fre, , 7urfn-c

effects such as P-pP interference ph(,nomena (Dou< asi, 1991 ).

One such :source effect can be rittrihut - to the '],i

following spallntion of th,, grouni io n :xl,,: ,v

With data that hd samplod tho nonlini,; • rim' X2 '0K -

;:ion,~ ~~ hx :. (! ".i.  t p, i 1th: , i .' iii , ic ' i' "i . ; : :

6
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factor in the constrA( arion of an appropriate source represen-

tation. Bakun and Johi son (1973) foond that the pF and slap-

lawn arrivals were tt,( only significant contributions to the

first part of the P ,-oa at teleseismic distances. Burdick

and Heimberger (1979) attributed the amplitude and phase of

an observed secondary arrival to the coincidence in time of

the pP reflection an, tne overshoot of direct P, but Douglas

and Hudson (1983) demonstrate that, depending on what type

of source function is chosen, the secondary arrival may be

fully accounted for solely by the surface reflection with

no overshoot in the source function. Thus there is a signif-

icant elrer, of uncertainty introduced by the trade-off between

ource effects and stru.icture effect2.

4
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PRELIMINARY RESULTS

To understand what physical processes may influence

the relative coupling of P and Rayleigh waves, synthetic

waveforms were computed for selected depths, ranges, and

material properties of the various observational events.

The theoretical problem was simplified to that of a half

space model where the interaction of propagating waves with

the free surface becomes of primary importance.

Half space Green's functions were calculated and syn-

thetic data compiled for a vertical point force and fully

contain,- 2<oubL couple source models, using an appropriate,

instrument rT.oons,. In the time domain maximum P ani Rray-

leigh wave amplitudes were determined from both the observa-

..tiona 1(Fi.-ir, 2' airc the theoretical data(Figures 3 and 4),

. . tm -ermine how closely the theorcti (:-I

o ( :at,. -,,served amplitude trends, and to what

rxtent h, .'r-!.if',: contributes to those trends.

Fo ',, ,.',rvational data P amplitudes increase with

source dctfh .silr Rayleigh waves decay, causing the ratios

of F to Rryl<ih amplitude to increase with depth. Figures

3 av:d ci 21.1y 'v:-imi as trends for the theoretical dnta. F

'Iand ?wav.' V*"l1,citi -' e:'I in the 2'ynthetics wero appropriate

• f. or . ' . : .. i. I i - . '. h t h t 'o Lir nc e' w ih

o js on's r at io wa n ai' o K 4' n :n

ri ie o C.I~Y: nt~~ ~ t:i w r o- ' v 'vr

?''~l:l0' 0 F; 30' M,' a -maia -iIOTa' Wh' )n;2n's
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ratio is 0.415. Th& -ifect of the instrument response is

to smooth the wave~orm considerably and to de-emphasize the q

increase Nith depth ot the P amplitude and the decay with

depth of the Rayleigh amplitude.

While Figures 2, 3, and 4 display the similarities

between the observational and theoretical data sets, there

is also a comparison between the two synthetic data sets to

be made. While the amplitude decay with range is universal,

the P amplitudes display the faster decay rate of a spherical

rather than cylindrical wavefront. For the vertical point

force source model, the addition of an instrument response

caused the P increase with depth to be tentative rather than

definite as for the double couple source model. The point

force model is a weak generator of P energy at the ranges

* - considered.

There; are some physical proces,:,-. :s- whlic'h influence the

above observations and are responsible, to varying degrees,

for the differences in the trends of the vertical point

force and the double couple data sets. An extra spatial

differentiation in the calculation of waveforms resulting

from the double couple source model gives these waveforms

some higher frequency content, and thus contributes more of

an increase with depth to the short period P wave. In the

vertical point force waveforms the offet of - radiation

pat tern influences the P wave aiTp] i tud,:" nrii t,.trncts !'1 o:

the steady trr.nd of increa.e wi th dopth,

The d(e ,r'e to whleh i,!,' t (.;tI'ul .V, i

refracted SP arrival :-ifr'!ct: l1irf,,'t P amn !i i,.:- is 1 1-

4
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certain. Maximun, P --ampli tudes were Ji fficult to deter-

mine when the direci a."r rt 'ra-trl arrivals closely coin-

ciced in time. Al trn, -riorter ranges, particularly with

the smoothing effecL Ou the instrument response, there is

apt to be a small amount of error in the values taken to be

* maximum P amplitudes.

Some preliminary conclusions can be drawn from the re-

suits of the time domain studies. The success with which the

theoretical models replicated the trends of the observed data

suggests that elastic free surface interaction is sufficient

to explain the relative P and Rayleigh coupling as a function

of source depth.

As an extension of the time domain results, analysis

of the digital data in the frequency domain will further

define and quantify contributions of the various physical

processes discussed above. Full waveform amplitude spectra

and windowed P and Rayleigh wave amplitude spectra are to be

computed for comparison with spectra of the two half space

models.

I .
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VE*TTCA] POINT FORCE SYNTHETICS

Amplitude vs.Det

V O.2 VERTICAL

RADIAL =0500.1

1.0
v =0.415R=7

R 17.17.

Ratio of' P to Rayleigh wave
amplitude plotted as-a function
of depth at four different
ranges. Amplitudes were measur-
ed from synthetic waveforms
calculated for a vertical point

_____________ force source, with no instru-

15m ment response included.

* O~lr0.1

3?5 R-37.5m

P 3 7 15m

t R=73.2rnR732
& L A I I _I-& I - I- A-.

15m~
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DOU 83GE COUPLE SYNTHETICS
Amplitude vs. Depth

Ratio of F to Rayileigt, wave amplitude plotted as a function
of depth at four liffeie.nt ranges. Amplitudes were measured
from synthetic wavef'ormns calculated for a double couple source,
with an appropriate instrument response.

VERTICAL
RADALV = 0.920 10.0

*10.0 p

V 8  0.350R=17.4Im
=17. 4m V= o.415

15m

* (9.010.0

R=37.5m R=37.5m

1 5m 15m

* ~10.0 1.

4 R=73.2rn R-'73.2m
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PROCEDURE

For the modelliz.g involved in this project, programs

are available to oaleuJate half-space Green's functions,

synthetic waveforms, amplitude spectra, and synthetics for

a layered model. In aodition some programming tasks such

as plotting routines and revisions to existing programs

are anticipated. This research is supported under a grant

donated to Brian Stump,

The study is approached as a forward modelling problem

in the characterizatioi of source depth. Through the work

tnat has already been ,:ompleted, combined with additional

data analysis and synthetic calculations, the following

physical processes are to be investigated for their effects

on nearfield waveforms:

1) P and Raylfi-rh Coupling

2) MultipathiriF and Scattering

3) Surface Reflections

4) Explosion Time Functions

5) Spall

The theoretical half-space investigation of P and Ray-

leigh wave amplituiA'2 that wa, dscribed above contributes

,luAnti tativ. resul t..' on the efff,c t, of tn,, rc] rv iv" courl in

of P and Rayleih enor.-y. A study of ,nr'i cl, motin' will

vs to the 1iyereo wel , ity ve1'to , ' *u 'mr w ,i', i6 oh-.!-;vi

.- "-'. .' .. .. ..- : -'v '', ,.4 .. -".' . .':". < .. -" '...:.. "- - .. " : . - .. ''- ' ...-. -'." " 4 '' -" ' ' .'." '
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waveforms travelled) .,ud will aid in separation of body and

surface waves (Dobrir. Simon, and Lawrence, 1951).

The free surfac& ffects of multipathing and scattering

are to be assessed qu~Aitatively from studies published pre-

viously in the literature, and quantitatively from the geo-

logic characteristics of the test site as determined from

some test site data. These effects will be taken into account

in the comparison of observed data with data generated by

simplified theoretical models.

The combined time and frequency domain results from the

half-space investigation will provide physical constraints

to be applied to the development of a layered model. Theor-

etical wave propagation through a layered velocity structure

will give rise to turning rays not accounted for in the half-

space models. Therefore, it is expected that the layered

model will approximate the structure and processes involveoi

in this particular problem more closely than did the half-

space models. The layered model will produce synthetic wave-

forms and spectra which, in comparison with observed wave-

forms and spectra, will allow some conclusions to be made

about the effects of free surface reflections and source depth.

In addition to the above mentioned propngation path

effects, the source time function must be considered when

att-mptin: to fit observed and theoretical waveformsi. The

adequacy of the various theoretical sourc- model.:-, l, the

d1ifferences between them, and the changes in :source, cbnrire ter-

iLtis:- fror' .,urf'ce to fully containl:ti ev,,its" mut .,-

ni .J in doing the forward modelling probl em. An oviluation

KLIP°
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. of the effects of the c,.,urce function on the resulting wave-

form not only helps to separate source and propagation path

effects, but also lays +ome foundations for an inverse study

(Stump, 1983) which would rely on the results of this project.

The nearfield effects of spall will be considered in

the modelling procedure. It must be discerned whether or

not the spall contribution is a significant one to this

problem. The presence or absence of significant spall effects

will have an influence on the type of source representation

that is used in the models.

Finally, from the collective results of the above in-

vestigations, it is intended that some conclusions will be

made on the foasibility of determining source burial depth

by inspection of nearfield body and surface waves.

m-K %
F1 _. . . p . . +. . .. K l , i , . n.,m , - . . . , . , _ • ,
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ABSTRACT

Spall, the tensile failure of a material due to high

stress loading has been observed in a number of contained and

surface explosions. The phenomenon results in a repartition of

the initial spherical explosion energy source, yielding a

second energy source vhich is cylindrical and delayed in time.

Recent spall models by Day et al (1983) demanding conservation

of momentum have shown the phenomenon to have little

contribution to twenty second surface waves. These models are

extended to include the effect of the process on near source

seismograms. The spall model is constrained by observations

within the nonlinear regime of the source which bound the mass,

momentum, and timing of the process. Comparison of these

forward models with the inverse vertical point force source

inferred from seismic recordings of a bermed surface explosion

yields excellent agreement. The spall model developed from the

contained explosion, Cheat, is used to create synthetic

seismograms. Comparisons of these vaveforms with those from a

* .- Mueller-Murphy contained explosion indicate that the waveform

contribution from spall is similar in size to the spherical

explosion waveform. The complete synthetic composed of the

spall and explosion contribution compares favorably with

observational data from the Cheat experiment in both amplitude

and energy distribution.

I

I

I,



INTRODUCTION

Spall, which is defined as the tensile failure of near

surface layers, has often been observed in soil and rock

excited by explosive sources. In the case of contained

explosions the initial compressive wave leaves the source,

reflects as a tensile wave at the free surface, and then

travels back into the material. At some depth below the free

surface the strength of this stress wave overcomes the tensile

strength of the material, the overburden stress, and the tail

of the remaining upgoing compressive wave. The material fails

in tension imparting momentum to the surficial layers. These

layers are sent into ballistic free fall, are acted on with the

force of gravity, and eventually reimpact upon the surrounding

soil. Spall caused by this mechanism has been studied by a

number of individuals (Rinehart,1959; Chilton et al., 1966;

Eisler et al., 1966)

In the case of surface bursts with observed spall the

simple free surface tensile reflection cannot be called upon as

a mechanism leading to tensile failure (Melzer,1981; Stump and

Reinke, 1982). One possible explanation for spall from such

sources is that the shear and Rayleigh energy generated from

surface explosions may be strong enough to fail the material

(Stump, 1983).

Whatever the mechanims leading to spall, it is observed

from explosions in a variety of geometries. When charac-

terizing the explosion source from observed seismic radiation,

it may become necessary to include the effects of spall in

addition to that of the initial explosion. The symmetry of the

explosion source will not be retained when spall is intro-

duced and the phase of the resulting source function will also

be shifted.

The purpose of this study is the quantification of the

effects of the spall model on near source observations of

explosions. This study is motivated by the existence of a high

quality, densely sampled data set from a collection of

2
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contained, partially buried, and surface explosions

(Babcock,1980 ; Stump and Reinke,1982). These data sampled

- both the nonlinear and linear regime surrounding the source.

The data from within the nonlinear regime vili be used to build

the equivalent elastic representation of the source. This

model will then be utilized in the calculation of near source

seismograms which can be compared for validation against

seismic observations in the linear regime.



PREVIOUS MORK

Spall from contained explosions vas first documented by

Rinehart, 1959. Extensive studies were completed from

contained nuclear explosions at the Nevada Test Site (Esler

- and Chilton, 1964; Chilton ot al., 1966; Eisler et al.,

1966). These studies attempted to quantity the spatial extent

- of opall. its timing, and its strength vith limited data. The

- conclusion of these primarily observational investigations was

that spall in competent material from contained explosions was

a result of the tensile reflection at the free surface of the

outgoing explosive compressive wave. Since these early works

were completed, additional observational data have been

obtained and analyses of spall waveforms completed by Parrot

(1976,.197). These more extensive data support many of the

early conclusions about the process.

With the acquisition of many observations of the spall

phenomenon in the nonlinear regime it was natural to

investigate spall effects on the linear elastic motions

observed in the near source, regional, and teleseismic distance

ranges. Viecelli (1973) estimated the spall mass from

contained explosions and then along with the velocity of the

spalled material calculated the total momentum. This momentum

was then introduced as a single vertical point force source at

the free surface of an elastic half-space in order to generate

synthetic seismograms. These calculations indicated that in

the distance range of 10-100km. the calculated amplitudes were

large enough to explain the observational data base. As a

further check of the significance of spall, Viecelli ran two
nonlinear numerical calculations of the explosion. The first

calculation included no tensile strength so spallation was

allowed. The second calculation introduced material tensile

strength sufficent to stop spallation. The model with spall

contained Rayleigh wave amplitudes 2.7 times larger than the

model with no spall in the 10-20km range. The author vent on

to extrapolate that spall may have significant effects on

J: 4



teleseismic surface waves.

Springer (1974) investigated the nonlinear data from

-- nuclear explosions and tabulated the expected delay times

between the compressive wave from the explosion and that

resulting from spall closure or slapdown. It was his

suggestion that those time delays would allow spall to appear

as a secondary source in the explosion. Other workers have

also suggested spall slapdown as a source of teleseismic P

waves (Frasier, 1972 and Bakun and Johnson, 1973).

Sobel (1978) examined a much larger observational data

base involving nonlinear spall observations. Scaling relations

were developed and the effect of the phenomenon on teleseismic

m /M estimates studied. The author concludes that spall would

yield little or no effect on these measurements.

Most recently, Day et al (1983) have taken a closer look

at both the numerical and analytical models of spall as they

apply to teleseismic surface wave observations. The authors

point out that previous spall models have not required momentum

to be conserved. They develop a model which conserves momentum

and then calculate teleseismic surface waves using the

* equivalent body force representation. It is their conclusion

that when momentum is conserved spall has little contribution

to 20 sec surface wave energy.

A number of investigators have begun to use near source

, waveforms from nuclear explosions to develop seismic source

functions for explosions. These waveforms have been chosen

since it is generally believed that they are least contaminated

by propagation path effects including attenuation. Those

source functions are then used to make teleseismic synthetics

for analysis purposes or are used to define the source and act

as measurements of relative or absolute source strength.

Studies to date have taken two approaches: (1) that of
assuming a spherical explosion or reduced displacement

potential (Mueller and Murphy, 1971; von Seggern and

Blandford, 1972; Hadley and Helaburger, 1961; Burdick, 1993);

or (2) utilizing the second order moment tensor which includes

the effects of tectonic stress release and the spherical

./ ,, '." "' "r'' '";" _ . , __ V" ",.. ," "'€.'.'.'_, , ..." ' '. '€.'., ,"' .".'.'.' "'. ''.' ".. -"'". . . .... r , ".: .'''"" , ,5. "
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explosion (Toksoz and Kehrer, 1972; Stump and Johnson, 1983).

These studies have not explicitly considered the effect of

" spall on the source characterisation.

The purpose of this work is to numerically and observa-

tionally explore the effects of spall on near source vaveforms

from explosions. In light of Viecelli's near source

calculations at 15km and the analytic and numerical models of

Day et al (1983) spall may be a significant source of short

period Rayleigh wave energy.

' " 6
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SPALL HODEL

The early equivalent body force representations of near

surface spallation have followed the work of Viecelli (1973)

and modeled the source as a vertical point force at the earth's

free surface. There are several problems with this represent-

ation. First, momentum is not conserved by this source model

and as Day et al., (1983) have pointed out, this may lead to

serious problems in long period ground motion estimation.

Second, the spalled material may be near the free surface but

it does extend to depth (Perret,1970). The model must take

this depth effect into account. Third, spall is not a point

phenomena but is distributed in both range and depth (Eisler,

1964). The range of spallation typically reaches twice the

depth of source burial. Fourth. the phenomena is not always

cylindrically symmetric. Video recordings of ground motion

surrounding ground zero of contained nuclear tests at the

Nevada Test Site indicate that spall closure patterns are

complex, possibly related to subsurface geology (Nalker,1992).

Finally, spallation does not occur simultaneously everywhere.

Spall initiation from contained explosions occurs when the

propagating stress wave from the explosion overcomes the

. material tensile strength and the overburden stress. Since

this condition occurs at different times in the material, the

initiation of spall has an apparent velocity. Observational

studies indicate that spall initiation for contained explosion

occurs first near the free surface at ground zero and

propagates outward and downward from this point. The

termination of spall occurs first at depth and range and

propagates back to near the ground zero initiation point.

In the developiLnt of a spall model for near source

modeling the work of Day at al., (1983) has been followed.

This model which conserves momentum consists of three contri-

butions: (1) that loading related to the momentum imparted to

the material when spall occurs; (2) that loading related to

the unloading of the unspalled material when the spalled

* material is in free fall; and (3) that loading which occurs

. ,- when the spalled material rejoins with the rest of the earth.
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Asuming the spalled material has mai, and spalls

simultaneously everywhere with constant upward escape velocity

V. then one can make a point force representation of the spall

initiation:

'II

where t. Is the spall intiation time. This approximation will

be adequate for this study where the wave lengths of interest

are long compared to the source dimensions.

The relaxation due to the unloading of the spalled body

is:

TS is the spall dwell time which is equal to 2 where g is

the acceleration due to gravity.

Finally there is the force which occurs when the spalled

material rejoins:

This last term, f 3 , is the only one present in Viecelli's early

model. He assume that the observations are such that the wave

lengths are long compared to the source dimension. To extend

this study would require the inclusion of all finite source

effects. This subject is intended for future study.

In reality the spall initiation and rejoin have rise times

associated with them. The time of spall initiation, t.; , is

not the same for all points and thus ms(t) is not the true step

function that led to the delta function f 1 and f3 For the

long period teleseismic surface waves the difference between

the idealized model and a more physically realistic one may be

.. small. In the near source regime this distinction is more

OW
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, important. me therefore introduce a smooth time function to

* replicate the finite time required for the total mass to spall.

- -. Since we wish to model accelerogrami which are observationally

smooth we impose a continuous first and second order derivative

on the time function.

. H (+

mr is the total spalled mass and TSA is the spall rise time

which is a complicated function of material strength, source

strength, source burial depth, and seismic velocity. This time

function follows closely the work of Litehiser (1976 ) in

modeling earthquake sources with time functions that are

continuous.

The resulting equivalent body forces which conserve

momentum are:

0dLt) R( H

E( - T4t-

.1 .. : 3. ). -(,.4 L ,) -- v4,(-,-T

and T ; 2V as before.

These source models can then be included in the normal

moment tensor representation of the explosion. Past models for

earthquakes and explosions have assumed the first order moment

is zero and have written (Stump and Johnson, 1977)

I,( + I, ) 1= . .(61 t ' 0' ) 0 Mi (6),')c

In order to include the effects of the spalll model just

-" developed we write:

Lk (A B--

3 9
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Equation 9 can be used in the forward sense for calculating

synthetic seismograms. Alternatively the equation given a set

* of observations, 4k ,Isynthetic Green's functions for point

force. and couples, G and G can be inverted to
,s •ki

. determine the sources, and 4Mf%(t This source

- representation will include the spherical explosion, tectonic

stress release, and spall.

Inversions for only the second order moment tensor from

contained explosions have been completed for a number of events

at the Nevada Test Site (Stump and Johnson,1984).

In a previous study of bermed surface explo.. ,ns the

following source representation was utilized in source

*inversions (Stump, 1983)

Qo(

The source in this case was represented as vertical and radial

point forces. One can see that the new source model is really

a combination of the spherical source model plus any double

couple component (equation 8) and the vertical component of the

surface source model (equation 10) previously published.

1
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OBSERVATIONS

In order to quantify the relative effects of the spherical

explosion and spall models on the synthetic seismograms a

robust data set must be available. The best instrumented

explosion to date is a chemical explosion (CHEAT) detonated in

alluvium (stump and Reinke, 1903). This experiment consisted

of the detonation of 253 lbs of TNT at a depth of 11.Sm. A

total of 48 gages were fielded within the nonlinear region of

the source (Fig 1). This array was designed to characterize

the two dimensional (r,z) aspects of the explosion with

secondary emphasis on its three dimensional properties. An

additional 33 gages were placed in the linear near source

region for typical seismic source characterization studies

(50-150m range).

It is the intention of this study to use the nonlinear

data to build the spall and spherical explosion source models.

These models will be used to compute synthetic seismograms

which can be compared to the near source linear data. Ulti-

mately a simultaneous inversion for both the spherical and

cylindrical source models is anticipated.

The nonlinear spall zone was characterized using the

method of Stump and Reinke (1982). The criteria for

delineating a gage that had spalled are:

a. Primary Criteria
(1) Minus lg (-0.5 to -2.0) vertical

acceleration dwell
(2) Impulsive rejoin signal on all

components
(3) No acceleration dwells on horizontal
b. Secondary Criteria
W 1 Dwell times

2 Amplitudes of rejoin

The gages that spalled in one, two-dimensional plane (actual

measurement) of the test bed are given in Figure 2. The spall

zone for CHEAT extends to a depth between 4.3 and 7.Sm directly

above the source and radially out to a range beyond 0.0Sm.

The azimuthal symmetry of the process is illustrated by the

strong coherence of observed waveforms at the 3m range and 60.

11
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190 and 300 azimuths. An a result of this data, all further

" spall modeling for CHEAT will assume that the process is

* azimuthally symmetric. The propagation of the initial

compressive wave, spall initiation,and spall rejoin in the

vertical direction can be observed in the lm range data which

vary in depth from 7.5m to the free surface (Figure 3). The

initial compressive wave can be seen to propagate from depth to

the tree surface, reflect as a tensile wave, and then fail the

soil as it propagates away from the free surface. The apparent

velocity of spall initiation is given in Figure 2 as 180 m/s

which is much slower than either the P or S wave velocities.

It is this slow propagation which is responsible for the rise

time placed on the equivalent body force source model of spall.

Using the spall zone defined by the accelerometer array,

estimates of the spall mass were made. The upper and lower

bounds of the spall zone in two dimensions are given in Figure
C'

4. The resulting limits on spall mass are 2.73 to 4.20 x 10

gin. The lower bound mass estimate includes the deepest spalled

gage at each range. Beyond 10.S5m the spall region was

estimated by linear extrapolation of the spall zone to the free

surface. Since gage density left a large gap between the last

spalled gage and the first unspalled gage at each range, a

maximum spall mass was estimated by placing the upper bound of

the spall zone half way between the spalled and unspalled gages

at ranges of 1.00m and 10.85m and then extrapolating the zone

to the free surface at the same point as the lower bound curve.

The resulting spall mass can be compared to the scaling

relations suggested by Viecolli and Sobel:

m 1.6 x 10 K kg (Viecelli)
S

HIS = 9. 6 x 10 If k g (Sobel)

R: Kiloton
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* For CHEAT we have N 0.128 x 10 kton. The estimated spall mass

becomes:

M (V) = 2.09 x 10 kg

M (S) = 1.25 x 106 kg

M (obs) = 2.73 to 4.20 x 10' kg

The observed spall mass is 2-3 times greater than the Sobel

estimate and 12-15 times greater than the Viecelli model. The

improvement of the Sobel model reflects a model based upon a

larger data base covering a wider range of explosive yields.

The spall separation velocity was determined from all the

nonlinear zone data. The spall failure velocity throughout the

test bed is given in Figure 4. An arithmetic mean of these

velocities is 0.53 rn/s. This failure velocity in alluvium

compares to values in the range of 10 m/s for hard rock sites.

One can speculate that the separation velocity of the spalled

layer is a strong function of the materials strength. The

stronger the material the greater the velocity gradient needed

prior to failure. The total mass estimates from the Viecelli

and Sobel models which were based on events from ITS in harder
or stronger materials suggest that although the spalled mass

4 nd its velocity may vary from material to material the total

momentum captured by the process may be only a function of

explosive yield. A comprehensive study of spall data from a

variety of sources vould be needed to validate these highly

speculative suggestions.

Once the mass and escape velocity have been determined,

one can calculate the spall dwell time. For CHEAT the estimate

becomes:

-13
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The spall dwell times measured in the observational data are

given in Figure 4. Taking into account the spatial average of

these measurements good agreement is found with the dwell time

calculated from the average escape velocity.

Utilizing equations 5,6. and 7 and the observational model

constraints just reviewed (Table 1), a set of synthetic source

models were calculated. The primary variable in these models

was the source rise time indicative of the finite time for

spall initiation. The total force and its integral for two

rise times (28,100ms) and maximum mass are given in Figure 5.

The total mass has no effect on the time function but acts as a

scalar multiplier so these results can be generalized to any

spall mass. The integral of the source functions indicates the

previously discussed result that momentum is conserved.

The interplay between source rise time and spall dwell

time is well defined in these samples. The peak of the total

force decreases as the spall rise time increases from 28 to
3

lOoms (from 1.2 x 10 dynes to 0.22 x 10 dynes). The longer

periods of the source spectra are not as drastically affected,

as indicated by the change in the integral of the force over
Mo

the same range of spall rise times (8.9 x 10 dynes-sec to 4.7 x
to

10 dynes-sec). As one goes from a source rise time short

compared to the dwell time to one which is comparable to the

dwell time, the time function changes from one which has a

sharp delta like pulse, a long flat dwell, and a second sharp

"- delta pulse to a time function which has a periodicity equal to

approximately 1.5 times the source rise time or spall dwell

time.

A check upon the spall model can be made by comparison of

,-a predicted spall source against the past analysis of a set of

- sand bermed explosion sources (Stump, 1963). In this study

utilizing equation 10 and observed ground motion data from the

detonation of a chemical explosion bermed with sand (denoted

PHGI-06), the radial and vertical equivalent elastic point

forces - fI and f - were determined. The radial point force was

found to be approximately twice the strength of the vertical

.. . point force. The radial source function rise time was found to

4 14



be controlled by the time the sand berm constrained the

explosive by-products. The primary energy in the vertical

force was delayed in time with respect to the radial source and

was longer period. At the time of the inverse study the

experimentally determined vertical force was hypothesized to be

due to spall as its timing and period corresponded to spall

observations within the nonlinear regime of the source.

The spall model developed in this paper does not dis-

criminate between surface or buried explosions and thus can be

applied to the bermed surface burst data and compared to f

determined from the inversion of bermed surface burst data.

This result is independent of the physical mechanism leading to

failure.

The depth and range of spall, its initiation velocity, and

dwell time for the PHGI-06 experiment are given in Figure 6.

The resulting spall model is given in Table 2. Comparison of

the time functions for the spall model and that determined by

the inversion of the observational near source data is given in

Figure 7.

The spall model dwell times compare very well with the

observed test bed dwell times. The spall mass used in the

source calculation was the upperbound of that delineated by the

nonlinear acceleration data and assuming azimuthal spall

symmetry. The spall initiation velocity in the model (0.29

m/s) is higher than the average of the velocities observed at

gages in the test bed. Spall velocities were not recorded in

the test bed nearer than 5.4m of the charge. There is an

indication in the data that the spall velocities increase as

one moves closer to the charge. One can also calculate the

spall velocity from the observed dwell time:

The spall velocity used in our model is in good agreement with

the average dwell time in the test bed. The final spall rise

time used in the theoretical spall model is a factor of 2

- longer than that predicted by utilizing the spall initiation

* 15



. velocity of 180 m/s on a vertical gage array. The spall rise

time will be longer than this estimate since it is a two

- "2. dimensional rather than a one dimensional phenomenon. The

PHGI-06 results suggest that spall rise time is close to spall

dwell time. As one can see in the CHEAT spall models. this

near equality leads to smooth time functions which avoid the

delta like beginning and end introduced by the Day et al, 1983

models.

The comparison of the calculated and predicted vertical

point force spall models for PHGI-06 (Figure 7) show good

- agreement between the forward and inverse techniques in an

absolute sense. The negative dwell period and amplitude are

nearly exact. The greatest discrepency in the model occurs

during the first 35ms where the predicted upward force is not

replicated in the PHGI-06 inversion model. It is during this

time period that the directly coupled energy from the explosion

will be acting in the negative direction. Our model in this

paper does not include at this point the directly coupled

energy and as such would not be expected to match the inversion

model during this time period.

16
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SYNTHETIC SEISMOGRAMS

In order to compute complete seismograms for the fully

contained explosion a spherical explosion model must be added

to the spall model previously derived. The model followed is

that of Mueller and Murphy (1971) and was chosen because of its

ability to easily accomodate the effects of various source

* materials and explosive yields. A second aspect of this model

which is satisfying is its beginnings from an analytic

approximation to a pressure pulse on a spherical cavity. The

solution for the reduced displacement potential in the

frequency domain becomes:

X, LLr.I--,/

h: burial depth

W: explosive yield

/ Q t C,+ap,-)/,u.

For the CHEAT source function the following parameters were

used:

17



h= 11.5m

(0= 1.9 gm/cm

Ca 920 M/5

V 350 3/S

Ma 0.128 x 10 kt

The synthetic seismograms for the spherical explosive

source were calculated using equation S. The Greens functions

were for an elasitc half-space for source media: C a 920/s. v.

- 350=/s, p= 1.9gm/cc, h:ll.Sm. The velocity waveforms from

thin source at the 50m and loom ranges are given in Figure 9.

At 50m the radial velocity is dominated by the P wave while the

vertical velocity has body waves which are of equal amplitude

to the surface waves. At lOOm the Raleigh wave is equal in

amplitude to the P wave on the radial component and bigger than

the P wave on the vertical component of velocity. The peak

amplitudes are tabulated in Table 3.

Using the three CHEAT spall sources (Figure 5) with rise

times of 28,56,and 108 as, three sets of synthetic seismograms

- . were created for the S0 and loom ranges. The Green's functions

used the same material properties as those for the spherical

synthetic except the source depth was set at 3m to replicate

the observed phenomena (Figure 2). The waveforms are given in

Figure 15 while the peak velocity amplitudes are in Table 3.

As expected the peak amplitudes decay as the rise time of the

source is lengthened while the spikiness of the synthetic is

greatly reduced. It is at the longest rise time that the spall

amplitudes are equal to or slightly less than the explosion

amplitudes. At the shortest rise time the spall synthetics are

as much as 7 times larger than the explosion amplitudes.

Some observed data from the CHEAT experiment at 50 and

lOOm are given in Figure 10. These waveforms are not as spikey

or high frequency in nature as the 29 and 56 ms rise-time spall

synthetics. The amplitudes observed in the experiment are much

smaller than those of the 28 and 56 ms riso-time spall

synthetics but comparable to the spherical explosion and spall

18



RTIlOms synthetics. As found in the case of the surface burst

spall source, the CHEAT data argues for a spall source whose

rise time (T L is comparable in size to its dwell time (T 5_).

Complete explosion synthetics were calculated by summing

the spherical and spall waveforms. Comparison to the CHEAT

data at the 50 and lOOm ranges Is given in Figure 10. The

spall waveforms were those from the looms source rise time

(Figure 5b). These waveforms were delayed by 65me with respect

to the explosion to replicate the timing of spall with respect

to the explosion. In addition the spall synthetics were

multiplied by a factor of 2 to yield better agreement with the

observational data. This upper bound spall mass does not

violate the nonlinear observations in Figure 4. In light of

the simple propagation model and the source models the

comparisons are remarkably good.

19



2.

CONCLUSIONS

The utility of data from the nonlinear regime in

constraining equivalent elastic body force models of explosions

has been shown. The nonlinear data from both contained and

surface burst (bermed with sand) explosions leads one to

conclude that significant energy is contained vithin the spall

process. The nonlinear data, forward source modeling, and the

surface source inversions all argue for relatively smooth spall

models in which the spall rise time is close to the spall dwell

time.

Synthetic waveforms from the spall model are comparable in

size to the waveforms of the purely spherical source. This

ratio is a strong function of the rise time given to the spall

model. This analysis points to the need for inclusion of spall

models when modeling near source data, determining equivalent
elastic sources, and estimating yield.

Finally, comparison of the various spall mass and

initiation velocity procedures indicates that material strength

may be a controlling factor for total spall mass and escape

velocity. Comparison of low tensile strength alluvium to hard

rock data indicate that total spalled mass in alluvium is

greater than that predicted by experimental scaling relations

while spall escape velocity in alluvium is much smaller than in

hard rock. The counterbalance of these two phenomena may lead

to a strength independent scaling relationship for total

momentum.
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TABLE I

CHEAT

Sample interval O.O 005

tsNumber of Samples 35

Spall initiation velocity a0.53 rn/z
Spall mass Kr1  2.7 to 4.2 x 10 kg

Spall dwell time TS 108 an

Spall rise time aG 29,56,108mg

TABLE 2

PHGI-06

**Spall initiation velocity V. 0.29 rn/u

Spall mass Mr 3.2 x 10 kg

Spall dwell time TS 60 us

Spall rile time Tt 55 me

TABLE 3

*Radial Vertical

DATA TYPE (cm/a) (cm/u)

Explosive Source (50rn) 4.2 3.1

Explosive Source (lO0m) 1.0 1.6

Spall Source RT=28ms (S5rn) 11.3 20.0

Spell Source RT=56mu (50mn) 3.3 5.00

Spell Source RT=lO0rns (SO=) 2.3 1.2

Spell Source RT=2Bmu (100m) 8.8 14.2

Spall Source RT=56ms (100m) 2.0 3.6

Spell Source RT=1O8ms(lO0m) 0.59 0.88
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'I GURE CAPTIONS

Figure 1: Nonlinear gage array on the 2531b Cheat explosion.

Figure 2: Two dimensional spall delineation from the Cheat

explosion.

Figure 3: Accelerations at In radial range from the Cheat

explosion. The depths of the gages vary from 0.23 to

7.50m. The solid line is representative of the initial

compressive wave, the dashed line is spall initiation,

and the long dashed line is spall rejoin.

Figure 4: At each gage location is marked the spall dwell time

(ms) and in parentheses the spall initiation velocity (cm/s)

for the Cheat explosion.

Figure 5: Cheat spall model for equivalent body forces

(solid circles x 10 dynes) and their integrals

(open circles 10 dynes-sec) for rise times of (a) 2Srs

(b) lOoms.

Figure 6: Spall dwell time in as and spall initiation

velocity in cm/s (in parentheses) for the PHGI-06 explosion.

Figure 7: The integral of the vertical source function

for PHGI-06 (open circles) and the spall model prediction

for PHGI-06 (closed circles). All values need to be

multiplied by 10'l to yield dynes.

Figure 8: Cheat predicted velocities for the spherical

explosion source.

Figure 9a: Cheat spall synthetics at the 50m range.

Figure 9b: Cheat spall synthetics at the loom range.

Figure l0: Two characteristic observations from the Cheat

experiment at 50 and loom are given. Synthetic seismograms

consisting of the explosion source in Figure 9 and the

spall source in Figure 5b delayed by 65ms and multiplied
by 2 are also given.

26



U

4m4

0.J

giJ4

Lu W

u. 14

I

<34-

I-t

-J-

• . . • • . .. -. .4. ,Z

" . ' ' ' ,4' . ' ' . " ' ' . " . ' ' . ' " " T , " " : ' . " " " " " " ' ' ' ' ' ' " ' ' ' ' " ' " " ' ' ' '



Co

04 4

o _j w
9o o0 CD

T. 0 0 e 4

O* 0-9/ .4

0A1

40

0 .z -

V) -0

I 0-
ON C

OD z00 1
I-d

-b!

-J C



CHEAT SFALL RECORDS r-Im

0.23M

0.76m

1.50M

2-0

450m

750m

00

Figure 3

29



0 OS

w

0~ 2L

x 4 W _

w

CD0

00 __ 0

I'* r) IC)

I~'o _ '4.



U

w

-j~



0

IDI~

Cf)

(N

a-4

Cf)

ol 0



LLJ-j

' a - (A) m

o. 0 0 zCO

Lii

amD 0 0 0
00

C6 H

d% ) C'

0. U0

90 0 -i

00 0 0

(WU) Hld3dI



- -r

CLLJ

ouj Jo

-JJ

Li

0I
0w(M-

-- f *r44



0 0
0

A n

z
Cf)

0 e

0E E
c.J 0~

C.L

w C

C')

IIl



V .1 92 .

SPALL SYNTHETICS
(R=50m, H=3m)

T2 8 ms 56ms IO8ms

R I I.3cmA 3.3 2.3

z .05.0 1.2

IZ

*0 0.5 I.Os

Figure 9a

36

e-



SPALL SYNTHETICS
(R 100m, H=3m)

Tr 8s56ms 1O8ms

R

z1442 3.6 0.9

0 0.5 L.os

Figure 9b

37



r')4
(0 D

C-

0oc

00

Hl

CLE

.Z E Lc)



F.r- -

The Experimental Characterization

of Contained Chemical Explosions

Brian WJ. Stump

* Department of Geological Sciences

Southern Methodist University

Dallas, Texas 75275



I

Abstract

The utility of small scaled chemical explosion experiments

for the purpose of seismic source characterization is explored. A

253 lb TNT source at 11.5m depth of burial was instrumented in

the nonlinear and linear regime. The nonlinear data is utilized

in the parameterization of the equivalent elastic source. The

linear data is inverted to determine these source parameters and

then validated against the nonlinear data. The results of this

- study are that (1) the applicability of the moment tensor

representation is shown (2) useful source results can be obtained

from relatively simple propagation path models and (3) the

resulting source is composed of two parts --- the initially

spherical explosion and the cylindrically symmetric spall. The

spherical explosion is higher frequency (50-80 ms) than the spall

source (200 ms) which is delayed in time. The initial explosion

can be modeled by the isotropic moment tensor while the spall

source is represented as the moment tensor elements with the

ratio: M= 1, M=1, M3 = 2.
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1. INTRODUCTION

The determination of the explosion source functions in

geological materials has remained a problem that has not been

completely quantified. Questions still remain concerning source

overshoot (Burdick et al, 1984, Douglas and Hudson, 1983) ,

corner frequency scaling (Mueller and Murphy, 1971), high

frequency role-off (Stump and Johnson, 1984, Peppin, 1977 . von

Seggern and Blandford, 1972 ), quantification of nonlinear source

processes such as spall (Day et al, 1983, Stump, 1985, Viecelli,

1973, Bakun and Johnson, 1973) and nonisotropic source processes

(Lay et al, 1984; Aki and Tsai, 1972 ). The inability to resolve

these aspects of the explosion source has resulted from

observational data which are inadequate for source

quantification. Explosion studies have primarily relied upon

teleseismic and to a lesser degree near-field data from the

explosions.

In no case has a complete experiment been designed with the

primary goal being the characterization of the three dimensional

motion field beginning in the nonlinear regime and extending to

the near source linear zone. Such a data set can be used to

illustrate the growth of the source pulse and then its elastic

propagation. If this experiment is to be successful, one

additional problem encountered in other studies must be overcome,

that of unknown propagation path effects. Even if instruments

are placed throughout the experimental test bed, the source will

be unresolved if the propagation path is not known.

In the case of nuclear experiments the scale of the

experiment precludes (at least initially) adequate gage placement

to characterize both near source and nonlinear motion in three

~2



dimensions. Small scale chemical explosions offer an

experimental basis in which one can instrument the motion field.

Such experiments also offer a choice of test medium.

Comparison of the chemical and nuclear source indicates that

differences in source coupling exist. In the case of chemical

explosions it is the explosive by-products from the explosion

which raise the cavity pressure and then couple energy into the

surrounding material. Nuclear explosions generate great

temperatures and x-rays both of which when deposited into the

surrounding material lead to the generation of cavity pressure

and ground motion. Both these processes occur in the first few

micro seconds of the experiment. After this initial deposition

the processes are comparable.

In order to characterize the explosion source in a controlled

environment, a contained chemical explosion test has been

designed. The emplacement media was chosen to be alluvium as an

initial test. The test site was chosen with a well constrained

velocity P structure so that source and propagation trade offs

could be minimized. Experiments such as the one reported here

could be completed in a variety of materials.

The observational nonlinear data will be used in the

creation of the appropriate parameterization for the equivalent

elastic seismic source. Once the proper source parameterization

has been constructed, the robust near source data set will be

inverted for the source parameters. Forward models from the

nonlinear data will be compared to the sources determined from

the inversion scheme.

3
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2. EXPERIMENTAL SET-UP

As indicated in the experimental design philosophy,

instrumentation for the test was divided into two distinct

arrays. The first consisted of close-in, radial array of

accelerometers (Figure 1). At the three meter range gages were

placed at three azimuths to constrain the azimuthal symmetry of

the source (Figure 2). The total nonlinear gage array was

designed to yield good spatial control on the nonlinear processes

and then provide a transition into the near source linear

instrumentation.

Each solid triangle in Figure 1 consists of a horizontal

(radial to the source) and vertical accelerometer. The open

triangle sites consisted of a single vertical accelerometer. The

placement of the gages within drill holes is a process that has

been studied by many other authors. Within the alluvium

environment, at the relatively low accelerations, it has been

found that gages placed by raining sand into the hole respond the

same as gages grouted with material matching grout ( Ake,J. ,

1980). The raining technique yields densities which closely

match the surrounding material. Based upon these results the

rained sand gage emplacement technique was used for all gages in

the nonlinear zone. The waveforms were recorded on analog tape

and later digitized. The FM tape drives were run at a high rate

of speed since the shot time was known resulting in good signal

to noise ratios. The nonlinear data was digitized at 5000

samples per second after application of a 5 pole Butterworth

filter at 1250 Hz.

The gage array in the linear regime (50-150m) is diagrammed

4
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in Figure 3. Each solid triangle in this diagram represents a

three component force balance accelerometer. This array was

designed to give both azimuthal and range data for the purpose of

characterizing the equivalent elastic source. The instruments in

this part of the experiment were force-balanced accelerometers

with flat response between 0.02 to 50 Hz. The gages were placed

in 6" holes and then back filled with native material. The data

was sampled at 200 samples per second with 5 pole Butterworth

filter applied at 50 Hz. Unlike the nonlinear data, all

seismograms in this set were recorded digitally. In processing

the near source data the acceleration waveforms were integrated

to yield velocity. During this integration procedure the
4

accelerations were corrected for a static offset which would

appear as a ramp in velocity. No additional post processing was

necessary.

The two gage arrays gave a total of 81 possible motion

measurements from the experiment. It was felt that as an initial

test of controlled source studies that this set of data would be

adequate to characterize the source.

The source in this experiment was a 253 lb TNT sphere with a

measured diameter of 0. 51m. The burn rate of TNT is

approximately 6097m/s giving an estimated detonation time of 42

* ps. In order to check this estimate a number of similar TNT

spheres were instrumented with time of arrival (TOA) crystals

which break when the explosive front reaches them. The data from

these crystals for a 1000 lb TNT sphere are given in Figure 4.

Assuming it takes B. 7#s to break the TOA crystal (supported by

experimental evidence), the predicted burn time for the sphere

was 55. 8 s with a 2$s variation across the sphere. This

empirical data translates into a 34. 5ius burn time for the 253 lb

* 5



sphere. The explosive was placed at 11. 5 m depth and then the

emplacement hale was backfilled with rained sand just as the

nonlinear array accelerometers were placed.



3. Observational Data

An overview of the complete observational data can give one

a qualitative sense of the various physical processes occurring

in the explosion source. The nonlinear array data is particular

instructive in separating the various aspects of the source

contributing to the elastic data. Of the 48 gages fielded in this

region, data was recovered from 45.

The initial P pulse from the explosion is illustrated at the

gage closest to the explosion in Figure 5. The acceleration,

velocity, and displacement are shown prior to any corrections

being applied to the data. The surface reflection should arrive

10-20 msec following the direct P pulse. The displacement rise

time is approximately 25 ms with an apparent overshoot in the

source although the free surface reflection is included in the

data.

The vertical propagation of the initial P pulse, its surface

reflection and the ultimate tensile failure of near surface

layers are illustrated in Figure 6. Prior to this test there was

some question as to the tensile failure of near source layers

from the reflected P pulse (Stump and Reinke, 1984). One can see

in this figure that the spall occurs first nearest the free

surface and then propagates down into the material as expected

from the free surface tensile reflection. The characteristic

minus one g dwell is hard to discern at the scale of Figure 6 so

the shallowest gage is reproduced in Figure 7. At this range the

material is in free fall for 130-150ms. Spall rejoin is seen to

7-
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occur first at depth and propagate to the free surface as

expected from the increased overburden stress with depth (figure

"" 6). One can also see the initial P wave pulse growth as it

propagates vertically. This pulse widening is due to the

nonlinear response of the material.

Utilizing the criteria of Stump and Reinke (1984) the spall

zone surrounding the explosion was delineated. The gages that

.- spalled are given by the solid circles in Figure 9. The primary

criteria for spall in an accelerometer record are: (1) minus 1 g

(-0.5 to -2.0 g ) dwell on vertical records; (2) impulsive rejoin

signals on all components; and, (3) no horizontal acceleration

dwell (40.2g). With these criteria the spall zone is found to

extend radially to between 10.85 and 18.35m while the depth of

the process stops between 4.30 and 7.50 meters. The average dwell

times measured from the velocity records are given in Figure 8

along with the peak velocity prior to tensile failure (in

- parenthesis, cm/s). The dwell times are maximum directly above

the explosion near the free surface and decay as one moves away

from this point in range and depth. Similarly the related escape

velocity is also maximized directly above the explosion. This

observational data has been used to constrain the mass and

momentum captured by the spall processes (Stump, 1985a). The

resulting estimates are:

=  pui s 4.20 A 10 ks

M V IA +o Z..Z3 X 10 vlcjv-Se.
II

The nonlinear data allow the quantification of one aspect of the

12 8



seismic source, spall. The actual importance of the processes is

found to depend on the source rise time which is controlled by

- the propagation velocity of spall initiation and termination.

The estimates of spall mass and momentum are dependent upon

an assumption of azimuthal symmetry. The three vertical records

at the 3m range support this symmetry assumption (Figure 9). At

- this range the P wave peak accelerations are 9.3, 9.1, 9..1 g's.

The P pulse widths are 19, 16, 15 ms as measured on the

accelerograms. The spall dwell times are measured to be 123, 126,

121 ms. The spall initiation times are 38, 33, 32 ms.

The velocity and displacement records allow one to observe

the growth of the explosion pulse as it moves away from the

explosion. The proximity of the accelerometers to the free

surface means that these pulses will include interactions of the

explosion stress wave with the free surface including spall. The

velocity and displacement records for the vertical and radial

gages at the 1, 3, 6.5, and 10.85 m ranges are given in Figure

10. No corrections have been made to the data prior or during the

integration procedure thus accounting for the long period drift

observed in several displacement records.

The dotted lines on each vertical record indicated the

estimated spall dwell time. At the 1m range we have the maximum

spall dwell time with a displacement pulse width of 180-190 ms.

This displacement pulse is controlled by the total time material

was in freefall anywhere in the test bed. This point is

substantiated by the fact that the displacement pulse width

remains constant as one moves radially away from ground zero and

down in depth despite the fact that the dwell time of spall

decreases. At the Im range and 7.5m depth no spall occurs but the

pulse width of displacement remains at 190 ms. Similar results

4.



Jhold for the 18.35m range data.

The vertical velocity records are characterized by the

initial rise time from the P pulse, followed by free fall, ending

with rejoin. As one moves out of the spall zone the velocity

field is characterized by a P pulse with a width near 50 msec

* followed by a negative dwell equal to approximately 150 msec.

This simple interpretation then leads to an initial P pulse from

the source with a 50 msec rise time followed by a much longer

period phenomena reflective of the energy imparted to the

material from spall (Figure 11). This pulse construction clearly

illustrates the role of the initial compressive wave and the

spall phenomena in the energy leaving the equivalent elastic

source. This interpretation is further strengthened later when a

comparison of the velocity pulse at 18.3 m is made with the far

field source function determined from the inversion of the

observational data from 50-150m.

- Moving into the linear regime the elastic array date

portrayed in Figure 3 is summarized. Of the 33 instruments in

this array, data was recovered from 28. All data was lost at

Station 9 while vertical records were not recorded at Stations 4

and 6.

The symmetry of the motion field is illustrated in Figure

* 12. The radial and vertical accelerograms for the three stations

. at a range of 50m are given. Both the peak accelerations and the

waveforms at the three azimuths argue for at least a

cylindrically symmetric source. The accelerograms on both the

radial and vertical components appear to be dominated by the P

waves. Similar symmetries can be observed in the vertical and

radial motions at increasing ranges. The pattern observed at 3m

in the nonlinear regime has continued into the elastic region.

10



* The motion field is not completely symmetric as shown by the

existance of transverse accelerations (Figure 13). The occurrence

of transverse motions from contained explosions has been noted

previously (McLaughlin et al, 1983). In the case of nuclear

explosions transverse near-field motions have been observed to be

as large as the radial and vertical. Unlike the nuclear data the

transverse motions for this chemical explosion are between 3 and

35% of the radial (Figure 14). No coherent radiation pattern from

the transverse motions was determined. There is a wide

variability in the waveforms given in Figure 13.

The change in the waveform over the 50-150m range is given

in Figure 14. A discussion of the appropriate velocity structure

will follow but one can see in this figure the high frequency

body waves are followed by the relatively longer period surface

waves. At 50m the body waves dominate both the radial and

vertical velocities. Between 75-100m the surface waves become the

biggest contribution.

A characteristic displacement spectra of one radial

acceleration record is given in Figure 15. The noise, dotted

line, intersects the data at between 1 and 2 Hz at the low

frequency end and at 60-70 Hz at the high frequencies. We shall

confine our source study to this band, 2Hz to 60 Hz. As the

figure illustrates the data exhibits a corner frequency in this

band with the hint of some overshoot.

~11
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4. Velocity Structure and Synthetics

The alluvial test site was chosen because of intensive site

characterization work that had been completed. (Stump and Reinke,

1982). In addition a number of depth of burial experiments had

been conducted near by. The alluvial test site in combination

with the chemical explosive led to the test acronym, Contained

High Explosive Alluvium Test (CHEAT).

The results of several refraction surveys of the test area

are summarized in Figure 16a. The near surface P wave velocities

* begin at 400 m/s and increase to nearly 900 m/s. The

interpretation of this data led to the velocity model given in

Figure 16b consisting of 3 layers over a half-space. The layer P

wave velocities are 366, 671, 823 m/s with the half space at 23m

with a velocity of 1120 m/s.

The first arrival data from the CHEAT experiment itself is

in agreement with the earlier refraction data. The P velocity

structure for the test bed is thus well resolved. Unfortunately,

*> like many geologic site characterization studies, the shear

*- velocity structure has little constraint. Cross hole shear

surveys were conducted but led to results with a good deal of

scatter. The results do indicate, though, shear wave velocities

* beginning near 200m/s at the free surface followed by a positive

*" gradient with depth. The shear velocity may reach 400 m/s or more
I

near shot depth.

The utilization of this site characterization information

comes in the form of the computation of synthetic seismograms.

The approach to this part of the study was done in two ways. The

12
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first was to compute the simplest possible path effects for each

distance range. In view of the simple observational seismograms

(Figures 12 and 14) the first set of models were for an elastic

half-space. An average velocity model was chosen which led to the

best overall fit to the slope of the refraction data and the S-P

times on the cheat data at all ranges. This model was ot =920m/s,

= 350 m/s, = 1.90 gm/cc and is summarized in Table 1. The

second iteration on this half-space modeling was to pick a P and

S velocity at each range in order to better model the time of

arrival data. In this case the P time of arrival data was from

the depth corrected refraction data and the S-P times measured

from the Cheat data. The resulting models yielded a P velocity

which began at 558 m/s (50 m range) and increased to 788 m/s at

the 150 m range. Poissons ratio began at 0.325 and decreased to

0.255 at the 150 m range.

In order to explicitly account for the layered structure

developed in the refraction work reflectivity seismograms were

calculated for the velocity structure diagramed in Figure 17. The

reflectivity technique for synthetic computation was employed so

that both the body and surface wave contribution to the near

source seismograms could be included. A variety of iterations in

modeling were attempted prior to the model in Figure 17. The

primary variable in these trials was the shear structure since it

was the least resolved. The final acceptance of the low shear

wave gradient was supported by a desire to reduce trapped energy

in the model that led to long ringing seismograms quite unlike

those observed (Figures 12 and 13).

4 13
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- These three sets of Green's functions were developed for the

study since they span the range of possible models for matching

the observational data. Source inversions will be completed with

all three models. The adequacy of simple propagation models will

be tested. Figure 18 illustrates the synthetics from the layered

structure . The major differences between the layered and

half-space models are the development of a complex P wave

signature beyond 75 m in the reflectivity seismograms and the

dispersion of the surface wave trains in particular the Love

waves.

14
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- . 5. First Degree Modeling

The primary purpose of the CHEAT experiment was the

determination of the equivalent elastic source function and then

the relation to physical source processes as constrained by the

nonlinear motion data. The first step in achieving the equivalent

elastic source function is a parameterization of the forward

problem. Previous studies have utilized the first degree moment

tensor representation (Stump and Johnson, 1984) for explosions:

The isotropic part of the moment tensor is taken to be

proportional to volume changes in the source region and thus the

explosion component of the source. The deviatoric part of the

moment tensor is then taken as the source component not accounted

*for by a symmetric explosion.

The nonlinear motion data has illustrated the importance of

spall. In an attempt to explicitly include the effect of spall

in the source parameterization Day et al (1983) added a set of

vertical point forces such that total momentum is conserved.

Equation (1) then must include the zeroth order moment:

Where 3 indicates that the spall source may be at a different

depth than the explosion. Stump (1985a) studied Equation 2 in a

forward calculational procedure and determined that the zeroth

order moment contribution could account for 50% of observed

- near-field waveforms from explosions. In light of these results
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the CHEAT data was designed to be used in an inversion procedure

to determine the complete source. Equation (2) transformed into

the frequency domain then yields the needed set of linear

equations

are the observed near source seismograms from Cheat, VIS

and G are the material Green's functions discussed in Section

4, and -3 and are the source characterization we wish to
:3

determine.

The application of the inverse procedure for the

determination of and is dependent upon the linear

independence of the Green's functions from these sources.

Unfortunately in the near source region these terms are not

independent. This result is discussed in Stump, 1985b. In that

paper the following equivalence is shown

SA (Gkl 4. I~ + 2.- c 3~ (4)

This linear dependence leads to a condition which cannot uniquely

determine both the zero and first order moments. Even though the

forward modeling of the spall procedure indicated the importance

of the zeroth order moment in our inversion study we are forced

to use only the first order moment, Equation (1). Vertical

asymmetries in the resulting first order moment tensor can then

be interpreted in terms of the spall contribution utilizing

equation (4).
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The three velocity models discussed in Section 4 were each

used in the inversions. Two separate inversions were completed

for each velocity model. One inversion included all near source

data totalling 28 seismograms. The second inversion was completed

with data from the 50, 60, 75 m range excluding all 100 and 150 m

data (15 seismograms). These two sets were used to investigate

the importance of station distribution in resolving the source

function.

In all inversions the data modeled were velocity records.

The degree of fit for all radial and vertical components was

good. In general the transverse motions were not adequately

modeled. The observed and calculated seismograms from the range

varying half-space Green's functions at Station 3 are given in

Figure 19. These observations and synthetics are for the 50 m

range and illustrate the good fits to the radial and vertical

records and the poor fit to the transverse. The average

correlation coefficients for the R, T, Z components in the six

inversions are given in Table 2. As the Table illustrates, the

layered velocity model led to the best fits although the

significance of the difference is small. The most marked change

in the correlation coefficients occurs for the vertical

seismograms when the data at the 100 and 150 m ranges are

deleted. One vertical record at 150 m range is very poorly

modeled, correlation coefficient of .01, accounting for a large

portion of this discrepancy. The choice of one velocity model and

resulting Green's functions over another is difficult to make

based on Table 2. The layered structure may be chosen in light of

17



its small improvement in fits to the observational data.

The isotropic moment tensors (far-field and near-field) from

the inversion utilizing all the data (50-150 m) and the three

sets of Green's functions are given in Figure 20. The comparison

of the three time functions are remarkably similar in light of

the differences in the Green's functions. In each inversion the

source appears to consist of an initial pulse with a duration of

80 msec followed by a second pulse with a duration near 200 msec.

The spectral characterization of the isotropic source

function is given in Figure 21. The spectra of the source shows a

corner frequency near 20Hz followed by a high frequency roll off

with a slope of 3. The high frequency roll off is comparable to

that observed in the data. A second peak in the spectra occurs

near 200 ms indicative of the second pulse seen in the source

function. The increase in spectral level beyond 60Hz indicates

the frequency at which the variances in the moment tensor begin

to be as large as the estimate itself.

The interpretation of the isotropic component of the CHEAT

explosive source is that the initial part of the explosion

consists of a pulse with a duration of between 50-80 ms, followed

by a secondary source with a 200 ms duration. This representation

follows directly from the nonlinear data discussed in Section 3

and illustrated pictorially in Figure 11. The first pulse results

from the spherically symmetric explosion followed by the longer

period cylindrically symmetric, spall source. The validation of

this source model comes in a comparison of the source from the

moment tensor inversion and the velocity record close to the

18



source. A general representation equation for seismic sources can

be written as:

f 4-

I- . _G 0io)/O (X_ u V

V

The first integral represents the body forces in terms of the

moment tensor, the second integral deals with the initial

conditions while the third term includes the boundary conditions.

Thus a source can be represented as a boundary condition, body

force, or initial condition. The inversions utilizing equation

(1) yields (0 An equally valid representation of the

source in terms of the displacements and stresses is:

OD
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Comparing equations (1) and (6) we see that one should be

able to qualitatively compare to the near source velocities.

In Figure 22 a comparison of wave shapes between the far field

moment tensor as determined from observational data at the 50,

60, 75, 100, 150m ranges to the near source velocity at 18.35m.

The comparison is excellent including the initial p wave with a

pulse width between 50-80 ms followed by the second pulse,

earlier attributed to spall, with a pulse width of 200 ms.

In all the inversions the off diagonal elements of the

moment tensor were at least a factor of 2 smaller than the three

diagonal elements of the moment tensor. The far-field and near-

field moment tensors from the range varying half-space Green's

functions with all data are given in Figures 23a and b. The

initial source pulse is approximately symmetric on the M 11 , ML1

and M components. The second part of the source pulse,

attributable to spall because of the trade off given in Equation

(4), is two times larger on the M component than the M and M
33 2

components.

The far and near-field peak moment tensors for the six

inversions completed in this study are given in Table 3. Since

both the P and S velocities vary widely between the three

velocity models utilized, there is an order of magnitude

variation in the moment estimation. Our best velocity models,

range varying half-space and layered, only yield a factor of 2-3

20



N- variation. It is this variation which we believe is more

representative of the possible scatter in source size introduced

by the propagation path unknowns. The primary reason for this

* variation is the unresolved shear structure. The primary

difference between the two models is that the layered structure

can return down going energy back to the free surface while the

half-space model cannot.

In all the inversions summarized in Table 3 the M33 component

is larger than the nearly equal and M . This fact is shown

in the time series given in Figure 23b. The initial pulse is

nearly symmetric on the M11 , Maw M33 components but it is the

longer period secondary pulse which introduces the asymmetry.

This frequency shift yields a far-field moment tensor with peak

amplitudes nearly symmetric and a near-field moment tensor with a

component as much as two times larger than M2 Land M1, . Such a

a long period asymmetry matches the spall source model.

21
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Conclusions

The utility of carefully designed seismic experiments in

characterizing explosive sources has been illustrated. This

experiment, a small scaled chemical explosion, has allowed the

seismic source as determined by an inversion procedure to be

related to observed physical processes in the source region. The

nonlinear motion data from within the source burial depth has

shown the growth of the source pulse. The new result that has

been supported by this unique data set is the quantification of

the spall process as a contribution to the equivalent elastic

seismic source. The potential for quantifying effects such as

source size and emplacement material is great in similar

experiments.

The utilization of the moment tensor source representation

in an inversion procedure has also been validated by the analysis

of this new data base. The selection of the appropriate velocity

model for synthetic seismogram calculation introduces a factor of

2 to 3 variation in moment when comparing the best homogeneous

half-space Green's function to a complete plane layered model.

These moments are stable as subsets of the complete data set are

"". inverted.
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The explosion source model which has resulted from this

study consists of two distinct parts. The first, relative high

frequency, source is the initial spherical explosion. This

component dominates the far-field moment tensor and is between

50-80 ms in duration. The second part of source is the

cylindrical energy which results from the interaction of the

initially spherical compressive wave with the free surface.

Through the inversion and the analysis of the nonlinear data this

spall process creates a cylindrically symmetric source delayed in

time from the initial compressive wave. In addition, the spall

process results in a longer period component to the source,in our

case 200 ms. This frequency shift is controlled by the time near

surface layers remain in free fall once tensile failure has

occurred. The amount of frequency shift will then be dependent

* . upon the tensile strength of near surface layers. The spall part

of the explosion is characterized by the diagonal moment tensor

elements Md = 1,, MZ1 = 1, M = 2. This secondary source because

*of its longer period component is maximized on the near-field

moment tensor.

Similar results have been observed in inversions of nuclear

data although the timing and duration of the phenomena is

different. Figure 2,, contains the moment tensors from the nuclear

explosion Farm. This source has an initial pulse followed 1-2

second by the cyclic longer period energy. The interpretation one

can now place upon the source is that the initial pulse is the

spherical explosion followed by the cylindrical spall

contribution.
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Table 1

All ranges 920 m/s 350 m/s 1.9 gm/cc

Each range

50 558 284 1.9

60 582 312 1.9

75 617 343 1.9

100 689 390 1.9

150 788 452 1.9
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Table 2:

Correlation Coeffiecents

R T Z
Single Half-Space 50-75mn

Model 50-150mn .8122 .2503 .6402

*Range Varying Half 50-75m .7560 .2672 .6452
Space Model 50-150m .8884 .3740 .8910

Layered Velocity 50-75m .8494 .2812 .6008
Model 50-150m .9360 .3797 .8675
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Figure Captions

Figure 1: Side view of the nonlinear gage array for the

CHEAT experiment.

Figure 2: Surface view of the nonlinear gage array for the

CHEAT experiment.

Figure 3: The linear gage array for the CHEAT experiment.

Figure 4: Observed arrival times of the explosive front in

a 1000 lb TNT sphere.

Figure 5: Observed acceleration, velocity, and displacement

at the gage closest to the CHEAT source.

Figure 6: The vertical propagation of the initial P pulse,

its free surface reflection, and spall of near surface

layers as observed on vertical accelerometers

directly above the explosion.

Figure 7: The vertical acceleration at the free surface

directly above the explosion. The initial P pulse,

spall (-ig dwell), and spall rejoin can be observed.

Figure 8: The depth and range of spall in one two dimensional

plane. The first number next to each gage is the

spall dwell time in ms and the number in parenthesis

is the escape velocity in cm/s.
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Figure 9: The three vertical accelerations from the 3m range

at azimuths of 0 , 120 , 240

Figure 10: The radial (R) and vertical (Z) velocity (light

line) and displacement (heavy line) at the 1m, 3m,

6.5m, 10.85m, 18.35m ranges, all observed depths.

The dotted lines next to the vertical velocity records

are representative of spall dwell times.

Figure 11: The model representative of the source pulse growth

in the nonlinear region. The dotted lines represent

spall dwell times at each range.

Figure 12: The azimuthal symmetry of the vertical and radial

accelerations observed at the 50m range.

Figure 13: The observed transverse accelerations in the linear

regime.

Figure 14: The radial and vertical velocity records from the

CHEAT experiment between the 50 and 150m ranges.

Figure 15: The radial acceleration and displacement spectra

for the 50m range. The noise dominates the spectra

below 1Hz and above 60Hz.

Figure 16a: The sample refraction result from the test area.

b: The model developed from the refraction data.

Figure 17: The final layered model for calculation of

reflectively seismograms.
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Figure 18: The reflectively Green's functions convolved with the

CHEAT instrument response. The radial (R) and vertical

CZ) explosion (Ex) Green's functions as well as the

transverse CT) dip-slip (DS) Green's functions are

given.

Figure 19: The observed and calculated velocity records at

Station 3 (50m range) from the inversion utilizing

all the data and the range varying Green's functions.

Figure 20: The isotropic moment rate tensor CJ and moment

tensor (t1) from the CHEAT inversions utilizing

all data between 50-150m along with the single half-

space, range varying half-space, and reflectively

Green's functions.

Figure 21: The spectral characterization of the isotropic

moment tensor from the single half-space, all data

inversion.

Figure 22: Comparison between the isotropic moment rate

tensor and the velocity record observed at the

18.35m range.

Figure 23: The moment rate tensor (a) and moment tensor (b)

from the inversion of all the linear data utilizing

the range varying half-space Green's functions. All

moments are relative to the M component which has the

peak amplitude of 10.4 X ld7 dyne-cm/s in (a) and

§ 5.10 X 10 dyne-cm in (b).
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Figure 24: The moment tensors, including the isotropic

component, for the nuclear explosion FARM. The

numbers above the traces should be multiplied by

23
10 to yield dyne-cm.
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1. 6kcm for field vel

I for field vel 8+S

S6

51

r. 0 AFWL 2 COMP ACCEL

A %C 1BERKE LEY 3 COMP ACCEL

Figure 3

36



DETONATION TIMES

of TNT SPHERE

63.7 m sac

63S 64.1

64.7 1."6 -

66.5 63.9

65.1

Figure 4



CHEAT CLOSE -IN
OBSERVATIONS

R 1 .Om DEPTH - 7.5m RADIAL

cWem 1 0..O 1 0*0 7'.0 AJ It D1IlamsWf 13

- - - - - - -

0 m- - - -

jU.S ~ w .I. .Oan W I32041

1- -b 6 io sm -li - too

Figure:

-a3-



CHEAT SPALL RECORDS r- un

Q23M

L50M

2J0m

750

Figure 6

39



~. ,.....

I

---- 1

~ C.
'N
0
N - - - - - - - - -

d'4 ---- - - -

a - - -- -N
0e C 54

- - -~ aJI- .~ h---- - - - - -- S..

o ------- -- ~ 0
4a~ S.. .5-

B ~ .... ~

4

---- U
- - -.- f-f-hI-I-ht

I..

* . a a eq a *q

I.,

4

A

4
N

.1 .



-

oc(a)
W Im

C)

f- OD0

oal- r0-F0 0

OCF9 @0 0

K) 0cr o~I -

~~jocY1dap



SFALL SYMMETRY
r-3Om h=Q23m

00

1200

AL

- Figure 9

42



* 4 4 4 * * ~ I I A-

U EE

I I UU

cm
Laj I -

KI I.9-

I1 d

4)
. 4 .. .. .. ..



.4

E

4

UL

in

91 1 1



'I-A

C,4,

CLC



I I u

CM I v I

dI

0
E CD

I H

cm-

inwU wT-

CIL

* 4--FT-

ccN



so~

E

Q00



CHEAT 50m
ACCELERATION

RADIAL VERTICAL

37.c/ 2  470.5 cm/s 2

00

2

38.cr~ 2  319.6cm/s

356.5cmA 2316.6cm/s2

270.I~'

Figure 12

48



."

CHEAT TRANSVERSE

Figure 13

949

•53..



'~-t LL

V.0

L)I

oP(
'0c00

cf) w



CHEAT R8
SPECTRUM

II
rREOUENCY (tZI

Figure 15

51



to-

* %

0.0

* LA-

400

N ~ 00 0 V. 9- 1
(OW)



44 0

*QOSC 0 0

cc CCJCP

C44

c44

.4. . . . . . . . .
* .. :.4 .- ).-.s4..7....*. . 4 . . - 4 . - 4 .4 .4- - ...-. .4 ..0



CHEAT LAYERED VELOCITY MODEL

200 400 600 800)So 1000 1200

(1.6) (1. 9) (2.0) (2)

I ~ -- a (m/s)
I I _ ___ (m/s)

I I P (gr/cC)

10 K

2-~

Fiue1

I- 6-54 .~ Li--i .. .
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